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Sulfate radical (SO4-) -based advanced oxidation processes (SR-AOPs) have proven effective for simultaneously removing refractory dissolved organic matter (DOM) and ammonia in municipal landﬁll

leachates. However, the knowledge on the competition of leachate DOM and ammonia for SO4-, the
utilization efﬁciency of persulfate, as well as the reaction pathways and ﬁnal products of ammonia
oxidation during the SR-AOP treatment remains little known, thereby leading to a lack of a comprehensive evaluation of the emerging leachate treatment technology. The objective of this study was to
further investigate the performance of a thermally activated persulfate system for treatment of a mature
landﬁll leachate and re-evaluate the beneﬁts and restrictions of SR-AOPs for leachate treatment. The
laboratory experimental results showed that removal patterns of chemical oxygen demand (COD) and
ammonia relied heavily upon the dose of persulfate that could be thermally activated to produce reactive
sulfate radicals, reﬂecting the competition of leachate DOM, ammonia, and non-target leachate con
stituents for SO4-. The utilization efﬁciency of the added persulfate could be more efﬁciently utilized for
removing the two target leachate pollutants at a lower persulfate dose, whereas more persulfate was
wasted due to the reactions with non-target leachate constituents (e.g. Cl and CO2
3 ) and/or selfdecomposition with the increasing persulfate dose. During the treatment, ammonia was oxidized, via

the direct attack of SO4- and/or by molecular chlorine produced from the reactions of chloride and sulfate
radicals, into nitrate and nitrogen gas, while nitrite was not detected. Of importance, this study highlighted three potentially negative impacts of SR-AOPs on the quality of treated leachate, including
accumulation of total dissolved solids, the production of undesirable nitrate, and the pH decrease due to
the continuous formation of hydrochloric acid. Therefore, the three issues should be carefully evaluated
when a SR-AOP is selected for leachate treatment. Because these impacts become less pronounced with a
decreasing persulfate dose, SR-AOPs as a pre-treatment, which is achieved at a relatively low persulfate
dose, may be an appropriate option for the SR-AOP application to leachate treatment.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Municipal solid waste (MSW) has remained a principal urban
environmental issue over the past decades (Tchobanoglous and
Kreith, 2002). It will continue to be a major environmental problem in urbanized areas, considering that 54% of the world's population is residing in cities and the fraction is predicted to increase to
66% by 2050 (UN, 2014). As one of the most important municipal

* Corresponding author. CELS Room 220, Montclair State University, 1 Normal
Ave, Montclair, NJ, 07043, USA.
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https://doi.org/10.1016/j.watres.2019.01.013
0043-1354/© 2019 Elsevier Ltd. All rights reserved.

services, MSW management serves as a prerequisite for other
municipal actions (Hoornweg and Bhada-Tata, 2012). Among
different MSW management strategies, landﬁlling has been the
most popular one in the most countries. For example, the United
States landﬁlled 52.5% of 262 million tons of MSW generated in
2015 (USEPA, 2018). However, landﬁll leachate, a highly polluted
liquid, is continuously generated as a consequence of rainwater
percolating through MSW within a landﬁll cell. Successful management of landﬁll leachate is key to archiving the sustainability of
urban MSW management due to two reasons. Firstly, leachate
management has a high capital and operations/maintenance
(O&M) cost (the highest single landﬁll operating expense in the
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United States) (Walker, 2013; Torrens, 2013). Secondly, various
leachate pollutants, such as refractory dissolve organic matter
(DOM), toxic heavy metals, and ammonia, can cause soil, surface
water and groundwater pollution (Kjeldsen et al., 2002).
Treatment of municipal landﬁll leachate began in the 1970s
(Boyle and Ham, 1974; Ho et al., 1974; Chian and DeWalle, 1976).
Since then, a variety of physicochemical and biological treatment
technologies have been investigated and applied. Among the
different treatment options, chemical oxidation technologies are
highly attractive due to a relatively short treatment duration and
the possibility to transform toxic pollutants into less and even nontoxic substances (Deng, 2009; Deng and Zhao, 2015; Wiszniowski
et al., 2006). Considering that DOM in many mature leachates, a
primary landﬁll leachate pollutant, is mostly biologically recalcitrant, hydroxyl radical ($OH)-based advanced oxidation processes
(HR-AOPs), such as the Fenton reactions (Gau and Chang, 1996;
Lopez et al., 2004; Deng and Englehardt, 2006; Deng, 2007; Zhang
et al., 2005), ozone (O3)/H2O2 (Tizaoui et al., 2007; Wu et al., 2004),
titanium dioxide (TiO2) catalyzed UV oxidation (Jia et al., 2011), and
ultrasound irradiation (Wang et al., 2008), have been extensively
studied due to the high reduction potential and unselective
oxidative property of $OH (Deng and Zhao, 2015). However, the HRAOPs poorly remove ammonia, another principal landﬁll leachate
pollutant, due to the slow reaction rate between $OH and ammonia
(Huang et al., 2008).
Besides HR-AOPs, the other AOPs are achieved through the

generation of sufﬁcient sulfate radicals (SO4-) as a principal

oxidizing agent. SO4- can be produced through the activation of

persulfate anions (S2O2
8 ) or peroxymonosulfate anions (HSO5 )
with heat, metals, elevated pH, UV irradiation, or other methods

(Antoniou et al., 2010; Tsitonaki et al., 2010). SO4- is a strong
o
chemical oxidant with a standard redox potential (E ) between 2.5
and 3.1 Vvs. NHE (Neta et al., 1988). It is a selective chemical oxidant
related to ·OH during the reactions with target pollutants in water
(Neta et al. 1978, 1988; Xiao et al., 2018; Xiao et al., 2015; Ye et al.,
2017). The so-called sulfate radical-based AOPs (SR-AOPs) were
early demonstrated to be effective for in-situ chemical oxidation of
subsurface organic pollutants for groundwater cleanup (Huling and
Pivetz, 2006) and for the destruction of micro-pollutants in water
(Antoniou et al., 2010; Anipsitakis and Dionysiou, 2003). We ﬁrst
evaluated SR-AOPs for the treatment of a municipal landﬁll

leachate (Deng and Ezyske, 2011). Results show that SO4- was ad
vantageous over ·OH because SO4- could simultaneously and
effectively remove both refractory DOM and ammonia in landﬁll
leachate. Thereafter, many other studies were carried out to
investigate the treatment of landﬁll leachate with the addition of
persulfate. A major purpose in the treatment designs was to pro
duce SO4- as a primary or supplementary oxidizing agent for
improving the treatment efﬁciency. The treatment designs include
the combination of ozone and persulfate (Amr et al. 2013a, 2013b),
an electro/Fe2þ/persulfate process (Zhang et al., 2014), a combined
persulfate and hydrogen peroxide process (Hilles et al. 2015, 2016a,
2016b), granular activated carbon supported iron for catalyzing
persulfate (Li et al., 2016), a ferrous ion activated persulfate process
(Asha et al., 2016), microwave irradiation with persulfate (Kim and
Ahn, 2015), and an ultrasonic activated persulfate system (Yang
et al., 2015). Encouraging results from the aforementioned treatments validate the positive role of sulfate radicals in the destruction
of leachate pollutants. Most of these studies focused on maximization of the removal efﬁciencies for target leachate pollutants (e.g.
leachate DOM) through the optimization of different operating
factors.
Although SR-AOPs have proven effective for improving the removals of COD and ammonia from landﬁll leachate, four key
questions are not well answered, so that we cannot have a
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comprehensive evaluation on SR-AOPs for the treatment of
municipal landﬁll leachate, particularly in comparison with the HRAOPs. The questions include: 1) how do leachate DOM and
ammonia compete with each other for the oxidizing agents in a SRAOP system? 2) what are the utilization efﬁciencies of persulfate
under different operating conditions? 3) what are the oxidation
products of ammonia after the SR-AOP treatment? and 4) what are

the plausible mechanisms for the SO4- removal of ammonia?
The objective of this study was to re-examine the removals of
leachate DOM and ammonia during thermally activated persulfate
treatment of a typical mature municipal landﬁll leachate at
different operating conditions. Data collected would be used to
determine the competition of leachate organics and ammonia,
analyze the utilization efﬁciencies of persulfate, identify the
transformation products of ammonia, and explore the reaction
mechanisms behind the abatement of ammonia. Beneﬁts and
concerns of the SR-AOP technologies for leachate treatment were
subsequently discussed. Finally, this study would allow for reevaluation of SR-AOPs for the treatment of municipal landﬁll
leachate and comparison of them with HR-AOPs for the removal of
leachate pollutants of concern. It should be noted that the effect of
pretreatment was not investigated in this study due to two reasons,
though appropriate pre-treatment may improve the performance
of sulfate radical oxidation through alleviation of pollutant loadings. Firstly, pre-treatment is often unavailable in many countries
(e.g. the United States) in which raw leachate is directly discharged
into local wastewater treatment plants. Secondly, leachate pretreatment mostly focuses on the mitigation of a major leachate
pollutant (e.g. ammonia and refractory DOM). The unique advantage of sulfate radical oxidative technologies over other oxidative
processes (e.g. HR-AOPs) is that sulfate radicals has a potential to
directly and simultaneously address leachate DOM and ammonia.
Therefore, it is of more interest to examine the treatment performance of sulfate radical oxidation with raw mature leachate.
2. Material and method
Chemical reagents. Leachate sample for the treatment experiments was a mixture of landﬁll leachates collected from Landﬁll 1A (Kearny, NJ, USA) and Landﬁll 1-E (North Arlington, NJ, USA)
operated by the New Jersey Meadowland Commissions. Once
collected, the sample was stored in a zero-headspace plastic bottle,
immediately transported to the Innovative Water Treatment and
Reuse Technology (IWTRT) Laboratory at Montclair State University
(Montclair, NJ, USA), and stored in a refrigerator at 4  C until use.
Chemical parameters of the leachate are as follows: pH 8.2; alkalinity, 3300 mg/L CaCO3; initial COD (COD0), 1096 mg/L; ammonia
nitrogen (NH3-N), 560 mg/L; chloride (Cl), 980 mg/L; nitrate ni
trogen (NO
3 -N), 0 mg/L; and nitrite nitrogen (NO2 -N), 0 mg/L. All
the chemicals used were at least analytical grade, except as noted.
Sodium persulfate (Na2S2O8, >98%, Fisher Scientiﬁc, Fair Lawn, NJ,
USA) and sodium chloride (NaCl, 99.0%, Alfa Aesar, Ward Hill, MA,
USA) were purchased from the Fisher Scientiﬁc. In the tests to
examine the treatment performance at different Cl concentrations, appropriate weights of NaCl were added to the leachate to
achieve designated Cl levels before the treatment.
Treatment experiments. An aliquot of 40 mL of leachate was
dispensed into a 60 mL serum vials capped with a rubber septum
and installed in a water bath (VWR Scientiﬁc, Model 1205, Cornelius, OR, USA) at a controlled temperature of 60  C. Our previous
studies show that higher temperature could achieve better removals of COD and ammonia from landﬁll leachate (Deng and
Ezyske, 2011). The temperature of 60  C was chosen based on our
preliminary studies and the laboratory safety concern. If needed,
solution pH was adjusted to a desirable level with 1 N NaOH and 5 N
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H2SO4 solutions. Before the treatment was initiated, a 1-h warm-up
duration allowed the leachate solution to reach the desirable reaction temperature of 60  C. Once appropriate amounts of Na2S2O8
were added, the reactors were shaken manually to ensure that
Na2S2O8 was uniformly dissolved in the leachate. In this study,
dimensionless oxidant dose (DOD) was used to indicate the dose of
sodium persulfate, which is deﬁned as below (Jung et al., 2017).

DOD ¼

EqNa2 S2 O8
EqCOD0 þ EqNH3 N0

(1)

Where EqNa2 S2 O8 , EqCOD0 and EqNH3 N0 were the equivalents of the
added Na2S2O8, initial COD and initial NH3-N concentrations,
respectively. DOD provides the information on an oxidant dose
relative to the quantities of target pollutants. This indicator facilitates comparison of the treatment performances of an oxidation
treatment technology for different leachate samples, because initial
pollutant strengths are always different among different landﬁll
leachates. Jung et al. (2017) proposed that the added oxidant
theoretically eliminates all the target pollutants (i.e. COD and
ammonia in this study) at DOD ¼ 1.00, only when the oxidant can
completely oxidize these target pollutants via electron transfer and
the oxidant does not react with other co-existing chemical species
or decompose by itself. Presence or absence of persulfate in the
reactors was qualitatively determined as follows: 0.5 mL of sample
was collected and added to 20 mL NaI (1.0 g/L) and starch (1.0 g/L)
mixed solution. Residual persulfate was present in the solution if
the water became blue, whereas persulfate all decomposed when
the solution color was not changed. After all the oxidizing agents
were depleted, the remaining leachate samples in the reactors were
collected for further sample analysis. All the tests were run in
duplicate at least.
Sample analysis. Solution pH was measured using a pH meter
(Thermo Scientiﬁc, Orion 2 Star, Thermo Scientiﬁc, Singapore). COD
was colorimetrically measured using the HACH test kits (HR COD
digestion vials, 0e1500 mg/L). NH3-N was analyzed using the
Nessler method with the HACH Ammonia Nitrogen Reagent Set
(0.02e2.50 mg/L NH3-N). NO
3 -N was measured using the HACH
test kits (NitraVer 5 Nitrate Reagent Powder Pillows, 0.3e30.0 mg/L


NO
3 -N). NO2 -N was measured using the Diazotization method
with the HACH test kits (NitriVer® 3 Nitrite Reagent Powder Pillows, 0.002e0.300 mg/L NO
2 -N). Chloride was analyzed using the
Mercuric Thiocyanate method with the HACH Chloride Reagent Set
(0.0e25.0 mg/L). When the concentration of a measured chemical
parameter exceeded its detection range, the leachate samples were
appropriately diluted with ultrapure water produced from a MilliQ® Direct 8 water puriﬁcation system. All the samples were
analyzed at least in triplicates. The mean values of the measurements are presented with error bars indicating one standard deviation in the ﬁgures.

3. Results
Removals of COD and NH3-N with different DODs at pH 5.3 and
8.2 (the original pH) are shown in Fig. 1. The reduction of COD and
NH3-N with the increasing DOD shared similar three-stage treatment patterns at the both pH. During the ﬁrst stage, as the DOD was
increased from 0.0 to 0.5, the COD removal was increased from 0%
to 76% and 81% at pH 5.3 and pH 8.2, respectively, while the NH3-N
abatement was insigniﬁcant (<10%). The decline in leachate DOM

and ammonia was ascribed to the production of active SO4- from
persulfate (Deng and Ezyske, 2011), as follows.

S2 O2
8 ! 2SO4

(2)

In the ﬁrst phase, the better removal of COD suggests that

leachate DOM was more competitive for SO4- than NH3-N in this
study. However, in the second stage, as the DOD further increased
from 0.5 to 2.0, the COD removal was gradually increased to 96% at
pH 5.3 and to 99% at pH 8.2, respectively. In contrast, the NH3-N
removal was dramatically increased from 11% to 99% and from 4% to
93% at pH 5.3 and 8.2, respectively. Obviously, NH3-N more rapidly

reacted with SO4- produced during this stage, likely due to the two
following reasons. Firstly, DOM had been largely removed after the
ﬁrst phase (DOD ¼ 0.0e0.5), so that the reaction rate of the residual

DOM with SO4- dramatically dropped down. For example, the mass
ratio of COD to NH3-N (COD: NH3-N) was 2.04:1.00 for untreated
leachate (DOD ¼ 0.0), but signiﬁcantly went down to 0.55:1.00 at
DOD ¼ 0.5 from which the second stage began. Consequently, the

Fig. 1. Removal of COD and NH3 - N at different DODs (Initial COD ¼ 1096 mg/L, initial NH3 - N ¼ 560 mg/L, T ¼ 60  C; DOD is an equivalent ratio of the added Na2S2O8 to the sum of
initial COD and NH3-N, as deﬁned in Eq. (1)).
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residual DOM had a lower reaction rate for SO4- produced. Secondly,
the residual DOM, as the oxidation products of raw leachate DOM


after the SO4- oxidation, became more recalcitrant to the SO4-induced oxidation.
In the third stage (DOD ¼ 2.0e3.0), the removal efﬁciencies in
both COD and NH3-N were insigniﬁcant, likely because most of the

SO4- was scavenged by co-existing chemical species (e.g, Cl and
HCO
3 ) present in the complicated leachate matrix when the concentrations of the remaining DOM and NH3-N were both extremely

low. Scavenging of SO4- with leachate matrix constituents would be
discussed in detail later.

Concentrations of NH3 - N, NO
3 - N, NO2 - N and residual COD
with different DODs at pH 5.3 and 8.2 are shown in Fig. 2(a) and (b),
respectively. At DOD ¼ 0.0e0.5, the abatement of NH3-N was
insigniﬁcant, while COD was dramatically removed from 1096 mg/L
to 266 and 214 mg/L at initial pH 5.3 and 8.2, respectively, sug
gesting that the most SO4- produced reacted with DOMs, in agreement with the observations in Fig. 1. When DOD was increased from
0.5 to 3.0, NO
3 -N was gradually accumulated in leachate accompanied with the removal of NH3-N, but the formation of NO
2 -N was
not noticed at all the tested conditions. At a high DOD (>0.5), the
formation patterns of NO
3 -N were different between pH 5.3 and
8.2. For pH 5.3, at DOD ¼ 0.5e1.5, NH3 - N was dramatically
removed from 480 to 80 mg/L, while the yield of NO
3 - N greatly
went up from 120 to 290 mg/L, respectively. Of note, NO
3 - N was
not further produced when DOD was over 1.5. In contrast, at pH 8.2,
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the NH3-N concentration was decreased from 540 to 72 mg/L at
DOD ¼ 0.5e1.5, and then almost stabilized at DOD >1.5. Meanwhile,
NO
3 - N was constantly increased from 19 to 455 mg/L at DOD ¼ 0.5
to 3.0. These ﬁndings indicate that nitrate was a major oxidation
product of ammonia after the leachate treatment with SR-AOP.

It should be noted that nitrogen gas produced from SO4- oxidation of ammonia could not be quantitatively determined in terms of
mass balance in this study, because we did not measure organic
nitrogen in the leachate before and after the treatment. However,
after the treatment at any speciﬁc DOD, the decreased ammonia
nitrogen was much greater than the increased nitrate nitrogen.

Moreover, SO4- hardly transforms inorganic nitrogen into its organic
form. Therefore, we conclude that nitrogen gas was signiﬁcantly
produced from the sulfate radical oxidation of ammonia.
Our study also indicates that the SR-AOPs slightly better
removed COD and ammonia (Fig. 1) and produced more nitrate
(Fig. 2) at an alkaline condition than at an acidic environment in the
most cases. These ﬁndings may be ascribed to two reasons. Firstly,
additional sulfate radicals could be produced through alkaline
activation of persulfate at a high pH (Tsitonaki et al., 2010). Sec
ondly, OH can transform part of SO4- into ·OH that can oxidize
organic matter via different reaction mechanisms.
2

SO$
4 þ OH /SO4 þ ,OH

(3)



Fig. 2. Concentrations of NH3-N, NO
3 -N, NO2 -N and residual COD at different DOD and pH (initial COD ¼ 1096 mg/L, initial NH3-N ¼ 560 mg/L, T ¼ 60 C): (a) pH 5.3; and (b) pH 8.2.
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4. Discussion
4.1. Utilization efﬁciency of persulfate
Although SO4- produced during SR-AOPs is known to concurrently oxidize leachate DOM and ammonia, the efﬁciency of the
added oxidant (i.e. persulfate) during the treatment is rarely
investigated. Once dosed, persulfate is consumed through, at least,
three pathways. Firstly, persulfate is subject to self-decomposition
(Tsitonaki et al., 2010) as follows.


2

S2 O2
8 þ 2e /2SO4

Utilization efficiency ¼

(4)

removed COD and NH3-N and electron utilization efﬁciencies
against electron equivalents of the added persulfate (Fig. 3). As
seen, the electron equivalent of removed target leachate contaminants (COD and NH3-N) were considerably increased from 0 meq/L
to 216 and 251 meq/L at pH 5.3 and 8.2, respectively, when the
electron equivalent of the added oxidant was increased from 0 to
480 meq/L. However, as the equivalent of added persulfate further
went up to 960 meq/L, the increase in the equivalent of the eliminated target contaminants was almost marginal (248 meq/L at pH
5.3 and 259 meq/L at pH 8.2). To comprehend the utilization efﬁciency of the added persulfate under different treatment conditions, electron utilization efﬁciency was used in this study, as
deﬁned below.

Eq: of the oxidized COD and NH3  N
 100%
Eq: of the added oxidant

Secondly, persulfate may react with certain reducing agents in
leachate. Thirdly, persulfate is activated to produce much more

reactive SO4- (Eq. (2)), which can immediately react with many
reducing agents in landﬁll leachate. Compared with highly reactive

SO4-, persulfate slowly reacts with many leachate species, such as
DOM and ammonia, due to its relative stability and selective
oxidation property. Therefore, the persulfate consumption in
leachate is primarily caused due to self-decomposition and the

formation of SO4- for reacting with leachate DOM and ammonia.
Sulfate radicals are a short-lived chemical oxidant with high reactivity and low selectivity, like hydroxyl radicals though their reaction mechanisms with organic contaminants may be very different.
Hydroxyl radicals preferably attack these compounds through
hydrogen abstraction from organic compounds or OH radical

addition to organic molecules (Neta et al., 1988). In contrast, SO4typically more rapidly transforms organic molecules into organic
radicals via electron transfer (Tsitonaki et al., 2010).
In order to understand how efﬁciently the added persulfate was
used for the removal of target pollutants in the aforementioned SRAOP treatment tests, we determined electron equivalents of the

(5)

As shown in Fig. 3, the electron utilization efﬁciencies of added
persulfate almost stabilized at a high range (70e73% at pH 5.3 and
77e78% at pH 8.2) at a low oxidant dose (80e160 meq/L). However,
with the increasing equivalent of persulfate from 160 to 960 meq/L,
the utilization efﬁciencies signiﬁcantly dropped down to 26% at
either pH.

These ﬁndings indicate that SO4- was more efﬁciently utilized for
target leachate pollutants at a low chemical dose, but the waste in
the oxidant became gradually pronounced as the oxidant dose
went up. The observation was ascribed to the kinetic competition of
target contaminants and co-existing leachate matrix constituents

species for SO4-. The strengths of the both target pollutants in untreated leachate were high, having the more rapid reaction rates

with SO4-. At a low persulfate dose, the produced sulfate radicals
preferentially react with these target pollutants, leading to a high
utilization efﬁciency. However, at a high persulfate dose, part of the
oxidants produced rapidly degrade DOM and/or ammonia to
reduce their concentrations in leachate. As a consequence of their
decreased concentrations, their reaction rates with the oxidants are

reduced, so that the consumption of SO4- by leachate DOM and

Fig. 3. Equivalents of the removed COD and NH3-N and utilization efﬁciency vs. equivalents of added persulfate (the solid line presents the relationship of the electron equivalents
between the removed COD/NH3-N and added persulfate when the added persulfate is completely utilized for the oxidation of leachate DOMs and NH3-N; initial COD ¼ 1096 mg/L,
initial NH3-N ¼ 560 mg/L, T ¼ 60  C).
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ammonia became less. In a municipal landﬁll leachate, many other
leachate matrix constituents largely present in landﬁll leachate

may promptly react with SO4-, such as Cl (Lutze et al., 2015), CO2
3 ,
and HCO
,
with
the
rate
constants of 1.3e6.6  108 M1 s1,
3
1.6e9.1  106 M1 s1, and 2.6e9.1  106 M1 s1, respectively
(Tsitonaki et al., 2010, Wacławek et al., 2017). The consumption of
sulfate radicals by the non-target constituents led to the decrease of
the utilization efﬁciency of persulfate.

4.2. Role of chloride and mechanisms for the ammonia removal
Chloride is a principal non-target constituent abundantly present in a municipal landﬁll leachate. It is reported to vary broadly
between 0 and 77,000 mg/L, capable of inhibiting the treatment
efﬁciency of HR-AOPs during leachate treatment (Deng et al., 2010).
However, it remains unknown how the anion inﬂuences the SRAOPs for the treatment of landﬁll leachate. The effect of chloride
on the treatment performance of SR-AOP is shown in Fig. 4. At a
speciﬁc DOD between 0.0 and 0.5, a low COD removal was observed
at a higher Cl concentration, indicating that chloride suppressed

the degradation of leachate DOM by SO4-. However, it is of interest
that a better removal of ammonia nitrogen was achieved at
2095 mg/L Cl than at 980 mg/L Cl at any speciﬁc DOD, suggesting
that Cl could improve the abatement of NH3-N.
Removal of leachate COD is ascribed to the degradation of

leachate DOM by SO4-. Sulfate radicals are an extremely reactive
oxidizing species capable of mineralizing dissolved organic compounds in water. The sulfate radical chemistry has been utilized to
develop persulfate-based total organic carbon (TOC) analyzers

(Peyton, 1993). However, in the presence of Cl, SO4- can react with
chloride for producing chlorine radicals, which are little generated
from the reactions with hydroxyl radicals (Neta et al., 1988; Lutze
et al., 2015; Chawla and Fessenden, 1975).

2
SO$
4 þ Cl /SO4 þ Cl$

ðk ¼ 3:2  108 M1 $s1 at pH 6:8Þ
(6)

Cl$ can combine Cl to produce dichloride radicals Cl
2 $ (Yu et al.,
2004; Liang et al., 2006; Bennedsen et al., 2012).

Cl, þ Cl /Cl
2,
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ðk ¼ 7:8  109 M1 $s1 Þ

(7)

The both new radicals are much less reactive than SO4-, thereby
leading to a relatively low COD removal. For example, the second
order rate constants of Cl$ reacting with organic molecules range

within 103e1010 M1 s1, lower than those in the reactions of SO46
9
1 1
with organic compounds (10 e10 M s ) (Tsitonaki et al., 2010;
Huie and Clifton, 1989; Clifton and Huie, 1989). The inhibiting
mechanisms of Cl in the SR-AOPs for the removal of leachate DOM
is similar to those of Cl during the HR-AOP treatment (Deng et al.,
2010). The inhibiting effect of Cl in sulfate radical oxidation of
organic compounds have been reported elsewhere (Peyton, 1993;
Liang et al., 2006; Bennedsen et al., 2012; Fang et al., 2012).
The enhanced effect of Cl on the ammonia removal might be
achieved through two reaction pathways. Firstly, different from ·OH

reacting slowly with ammonia, SO4- is capable of directly oxidizing
ammonia and ammonium as follows (Neta et al., 1978).


þ
SO,
4 þNH3 =NH4 /products

ðk ¼ 3:0105 M1 $s1 at pH 7:0Þ
(8)

In the second plausible pathway, the alleviation of ammonia is
due to the formation of chlorine species and molecular chloride
(Cl2) (Anipsitakis et al., 2008). Cl2 in the leachate may be produced
through the recombination of Cl
2 $(Eq. (9)) and/or the reaction
between Cl
2 $ and Cl$ (Eq. (10)) (Yu et al., 2004).

ðk ¼ 9:0  108 M1 $s1 Þ



Cl
2 $ þ Cl2 $/Cl2 þ 2Cl

ðk ¼ 2:1  109 M1 $s1 Þ


Cl
2 $ þ Cl$/Cl2 þ Cl

(9)

(10)

þ

It is well known that H can be accumulated during a thermally
activated persulfate system. In this study, we noticed that the
leachate pH after the SR-AOP treatment dropped from 8.11 at
DOD ¼ 0.00 to 6.28 at DOD ¼ 0.25, indirectly validating the occurrence of Eq. (11) during the SR-AOP treatment. After produced,
HOCl can promptly oxidize ammonia into different chloramines,
depending on their stochiometric ratios.

Fig. 4. Removal of COD and NH3-N at different Cl concentrations during SR-AOP treatment of landﬁll leachate (initial COD ¼ 1096 mg/L, initial NH3-N ¼ 560 mg/L, T ¼ 60  C).
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NH3 þ HOCl / NH2 Cl þ H2 O

(11)

NH2 Cl þ HOCl/NH Cl2 þ H2 O

(12)

NH Cl2 þ HOCl /NCl3 þ H2 O

(13)

It is well known that the aforementioned reactions between
ammonia and chlorine occur during chlorination of drinking water
in the presence of ammonia (Crittenden et al., 2012).

4.3. Re-evaluation of SR-AOP for leachate treatment
It is of importance to provide an in-depth evaluation of SR-AOPs
for the treatment of landﬁll leachate, particularly in comparison
with HR-AOPs that have been widely investigated and begun to be
employed in the leachate treatment practices. Although the both
AOP types can effectively alleviate refractory DOM in leachate via
chemical oxidation, the SR-AOPs are capable of largely removing
ammonia, another representative leachate pollutant, which is
poorly removed by HR-AOPs. In the engineering practices, biological treatment typically serves as an on-site treatment option for
the mitigation of ammonia in landﬁll leachate prior to other on-site
advanced treatments for the abatement of leachate COD. However,
the treatment train sequentially consisting of two or more treatment steps increases the capital and O&M costs as well as the
complexity of system design and operation. Therefore, the beneﬁt
of SR-AOPs distinct from HR-AOPs is that they can concurrently
remove the two major leachate pollutants, i.e. refractory leachate
DOM and ammonia, in a single treatment step, enabling a simple
treatment design and potentially saving the treatment costs.
However, three aspects possibly restricting the SR-AOP application should be carefully considered before an SR-AOP is selected
for the treatment of landﬁll leachate. Firstly, the addition of persulfate into leachate can eventually lead to the increase of total
dissolved solids (TDS), because the ﬁnal reduction product of persulfate is inert sulfate anion. In contrast, change in the leachate TDS
is not a concern for HR-AOPs because hydroxyl radicals cannot
produce a large number of dissolved salts. The increase extent of
TDS after the SR-AOP treatment relies upon the dose of persulfate
added. For example, in this study, the TDS increase due to the formation of sulfate at DOD ¼ 1.0 was approximately 2.4 g/L. The increase of TDS may bring about two negative impacts: 1) the efﬂuent
TDS may violate the local leachate discharge limit; and 2) sulfate
abundantly present in efﬂuent may be biologically reduced to
hydrogen sulﬁde (e.g. in sewers) that can corrode concrete, release
obnoxious odors, and threaten sewer workers due to the toxicity of
sulﬁde gas (Zhang et al., 2008).
Secondly, nitrate can be produced along with chemical oxidation of ammonia. For this study, the level of nitrate nitrogen
reached a few tens e several hundreds of mg/L. If the SR-AOP
treated landﬁll leachate is directly discharged into natural
receiving water bodies, the nitrate can cause harmful algal
blooming to degrade the quality of natural water. Furthermore,
nitrate is a pollutant itself. Long-term exposure to nitrate may cause
diuresis, increased starchy deposits, and hemorrhaging of the
spleen, whereas a short-term uptake of excessive nitrate can
interfere with the oxygen-carrying capacity of the child's blood
(McCasland et al., 1985). US Environmental Protection Agency (EPA)
regulates its maximum contaminant level at 10 mg/L. Therefore,
alleviation of nitrate in the SR-AOP treated leachate should be
considered before discharge. Biological denitriﬁcation is an
economically affordable and technically effective process for the
removal of nitrate. But the method is adopted only after biological

treatability of the treated leachate is carefully evaluated, because
some leachate matrix constituents (e.g. toxic metals) and probably
more toxic organic degradation compounds after sulfate radical
oxidation may signiﬁcantly inhibit microbial activity during
denitriﬁcation.
Thirdly, the pH decrease due to formation of HCl has a potential
to signiﬁcantly reduce the efﬂuent pH, so that additional pH
adjustment with lime is likely required to recover pH back to a
neutral range. Mature landﬁll leachate typically has a neutral to
weakly alkaline pH (Kjeldsen et al., 2002). The presence of bicarbonate at a high concentration (typically, several hundred - a few
thousands of mg/L as CaCO3) can provide a strong pH buffer capacity to maintain leachate pH during treatment. However, Hþ may
be continuously produced via Eqs. (6) and (7) and (9)e(11), as long
as persulfate remains in a leachate containing Cl. The ﬁnal
leachate pH relies heavily upon the initial leachate alkalinity, persulfate dose, and chloride concentration in leachate. It is possible
that the treated leachate required an additional pH adjustment
after SR-AOP, which can increase the treatment complexity and
costs. For example, in this study, the ﬁnal leachate pH dropped
below 4.0 at DOD 0.50.
The three aforementioned outcomes can limit the application of
SR-AOPs to leachate treatments in practice. Generally, their negative impacts become worse as the persulfate dose is increased.
Hence, the selection of an appropriate persulfate dose for treatment
of a speciﬁc landﬁll leachate is key to maximizing chemical
oxidative capability of sulfate radicals while restricting the efﬂuent
TDS, nitrate, and pH within their respective acceptable levels. On
the other hand, because these negative impacts are minimal when
SR-AOPs serve as pre-treatment typically with a low persulfate
dose, the design of SR-AOPs, as a supplementary treatment, prior to
other treatments may be encouraged.
5. Conclusions
This laboratory study on the performance of a thermally activated persulfate system for treatment of a mature landﬁll leachate
answered key questions for in-depth evaluations of the emerging
SR-AOP leachate treatment technology. The study shows that
reactive oxidizing agents are competed among leachate DOM,
ammonia, and other leachate matrix constituents during the SRAOP treatment. And the removal efﬁciencies of COD and
ammonia nitrogen depend heavily upon persulfate dose, in addition to solution pH. The added persulfate is more efﬁciently utilized
for the two leachate pollutants at a low dose, whereas more persulfate is consumed by other leachate constituents (e.g. Cl and
CO2
3 ) and/or self-decomposition as the persulfate dose is
increased. The ﬁnal products of ammonia oxidation include nitrate
and nitrogen gas, but nitrite is undetectable after the treatment.
Although SR-AOPs can concurrently alleviate leachate DOM and
ammonia in a single treatment step, three outcomes, which are not
concerns for the HR-AOP treatment of landﬁll leachate, may restrict
their application, including the accumulation of efﬂuent TDS, the
production of undesirable nitrate from ammonia, and the pH
decrease due to the formation of HCl. Therefore, the three potentially negative impacts should be carefully evaluated when a SRAOP system is applied for treatment of a speciﬁc landﬁll leachate.
On the other hand, SR-AOPs as pre-treatment may be another
promising approach to applying the technology to leachate treatment because much less persulfate is typically dosed for pretreatment of a landﬁll leachate.
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